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Abstraét
,In the past decade, nuclear magnetie resonance has been
vlncrea51ngly used as a medlcal tool for studying the human
body. During thas perlod there has been a subS@a tial
increase in the typlcal magnetlc fleld strengths and
resonating frequenc1es used in such in vivo NMR studies,
because of the better 51gnal-to-n01se4ratio and spectral
resblutfbn pronided. Electric. gields associated with raéio

frequency pulses applled to the 1rrad1at1ng coil in the NMR

4:;"‘

1S

épparatus cause rf currents to flow in the living é
being studied. éhese currents give rise to Joule héati4g or
energy deposition in the.tissue. Since rf heating inereases
rapidly with increasing frequency for a given amplitude of
rf magnefic fiéld,_NMR exsminatibns of 'patients.at high
;requencies may‘cadselhyperthefmia in sensitive-orgsns and
fluids; e.g..the orbih.and CSF.” It is therefore essential
, to obtain a proper understanding of the rf heat1ng
pnenomenon as it occurs in- 4 -v-Ivo-NMR,

, In this thesis,.we déScribe'Q-meter measurementS'ofjthe

rf losses in a serles of saline samples (or phantoms) as a

funct1on of frequency and electrical conduct1v1ty

Measurements made using solen01dal and saddle coils, r
approximafely 2.5cm in diameter,. were found to be in -
sétisfacfory égreenent with}the predictions of a lumped
circuit model simyiar to those proposed by Gadian and
Robinson, and Vermeulen and’Chutei In pérticularﬂ\the three

parameters obtained by fitting the data to the model were

iy



\, ‘ .
. »
used. to predict the. rf heating to be expected if the samples

inyestigated were subjected to an rf,pulse in an NMR
experiment using the same coils. Thehmethod used to ti{ the
data enables the heating causedhby the induced electric.
fleld to be d15t1ngu1shed from that caused by secondary
electrlc fields associated with- charges on the 0011 We

have used our data to calculate the heating expected ihf
..»m K

colls and samples of larger but geometrlcally 51mllar;— .

dimensions to ours, by the use of a scallng factor whrz;7 1s
'eas1ly calculated. Our results suggest that the rf heat1ng
in in VIVO NMR examinations may cause the tissue- temperature
to rise ito dangerously high values, if carriedrout at
frequencies aproaching‘JOOMHz.

The validity of our scaling. procedure was checked by
comparlng the rf losses in a series of sallne solutlons
51tuated; f1rstly, in"a 2.75cm dlameter saddle coil, and
secohdly, in an 1icm diameter‘saddle coll. In the second
casei the linear dimensions of the coil, coil former and
samples were four times larger than in the fifst case. The
data conflrmed the valldlty of the scallng procedure, except
for a systematic deviation in the data for*the larger coils,
which is attributed to skin depth egiects ignored in the_

model
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Chapter 1
Introduction

R}

For almost four decades, nuclear madgnetic resonance (or

NMR) has been an invaluable :o00l for chemists and physicists

- -

\

studying molecular structure and dynamich}pfocesses.
However, it is only in the past decade that its usefulness
as a nor invasive method of medically studying the human
L]

body has been realized. InLin Vivo NMR studies, as in
‘chemistfy and physics, there has been a tendency to use
stronger magnetio fields and higher resonating frequencies
because thev provide better signal-to-noise ratios and
improved spectral resolution. This allows for shorter
experimental times and hence less inconvenience for
oatients.

électr?c fieldo associated.with,the irfadiating coil or
coils in the NMR apparatus will cause high freqguency
electric cufrents to fio@ in conducting samples. Although
biological tissue is not very conductive compared toc metals
for example, the Joule heatlng associated wlth currents in
the tissues can pose a danger to ‘the living cells if the
teoperato;e rise exceeds about one degree Celsius
(Schwan; 1982; Coupland et al., 1983). Iébis ;idely known
‘that radlo frequency heating of condogxlng material is a
rapldly lncreasing functlon of,%;;ggency (Gandhi, 1975;
Gadian and Robinson, 1979; Chute, Vermeulen, and~Cervenan,

1981; Vermeulen and Chute, 1983). Therefore, because of the

trend toward the use of higher frequencies in in .vivo NMR,

a



experimenqs must be done to enSurehthat the amount of
temperatute'rise (hyperthermia) wilanot;be dangerous to the
'Subject./ , S . o S
ThlS the51s descrlbes an experlmental study of the.
conduct1v1ty, frequency qgg size dependence of rad1o
frequency energy dep051t10n in saline phantoms The data
are analyzed u51ng a 51mple model of rf losses based on
" those proposed by Gadlan and Robinson (T979) and Vefmeulen
27and Chute (f983) The results are then used to: pred1ct the
. heat. generated by rf pulSes ¥n the samples used.
Furthermore sgaling is used to predlct the heatlngvthat
: would occuyr in samples and coils more typlcal of those used

in in.vivo NMR.



Chapter 11
Tﬁeory
_A. Basic Theory of NMR
l In the presence of . a statlc magnet1c f1eld Bo, a !
nucleus of sp1n quantum number I and magnet1c moment M may

occupy any of 2I+1 equally spaced energy levels glven by
Em = -muBo/I = -myhB, . | o ()

In the abovelequation m is the z component of-the"spin o
~§uantum numbef‘which may teke any'value frcm'tl to +I in /
integral steps, and y,« the magnetogyric cr‘gyfomagnetic
ratio, is the ratio of the magnetic momeht to the angular
momentum of the nucleus. "For a system of spins in'thermal
equilibrium, the.populatlon'of each level is governed by ﬁhe
Boltzmann dlstributlon,hhich implies that the lower energy
states'afe more heavily populated;.ﬂThls'gives rise to a net
magnetization g in.the megnetic field directlon, By
applying a weak alternating magnetic‘field of frequency
f=yBo,/27 perpendicular toAthe static field, magnetic‘dipole
transitions, for Wthh Am +1, will be: 1nduced Because of
-the excess populatlon in the lower energy levels 'energy
will be absorbed by the spln system. In thlS way,
information about the puclear system.mayﬁbe.extracted by
monitoring the energy absorption. This is the mephod used

#

in continuous wave (cw) NMR;
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An alterﬁative description of the NMR phenomenon can be
iivena}ongy%he lines presented by Slichter (1978),"and'isf
-'pa:ticula;iy»aseful for discussing pulgea NMR. The eguation

of otidp of a nucleus of magnetic moment u‘subjectedvto a

magnatié’field B is givep by

4. = u X B. : | - (2)
E} .ol ' ‘ . .

J

]

where d, implies differentiation with respect to time and J
/is the angular momentum. Since u=yJ, this équation can be
; . ’ \

~ writ'ten as

dew = 4 X (yB) & S o (3)
This equation of motion is valid for any magnetic field, and
.implies that changes in u are perpendicular to both pu and B.

In_particula}, a n%fleus with its magnetic moment inclined
at an anglé”tg-a constant magneticvfield of magnitude B,
will precess about the B, axis describing a cone.

Although equa£§on (3). can be solved for arbitrary
magnetic fielda, it is instructive to view the motion of_the N
magnetié momenf of the nucleus from a rotating frame of
referance.' Notice.in eguation (3) that the cross product
implies a rotation of u aSOut'g in a left hand sense if y is

positive. It is well known that



dea=2Xa | “ 4

describes the rotation of a vector a about € in a right hand

sense with angular frequency equal to =. Uging

Q

equations (3) and (4), it can be shown that

6+

e
f
I
><
-
o
+
L)

where 6‘u is the t1me rate of change of the magnetlc moment
in a frame. rotatzng at an angéi}r frequency @ about Q. If
'the magnetic fleld 18 equal to Bo and yBo+Q vanlshes, then:

the time derivative of the magnetlc moment will be zero in

~

the rotating frame.'.That Sﬁ L remains fixed w1th respect
to the frame rotating about §o4at an angular frequency of
7Bo . |

Consider now the 51tuat;on where in addition to a

,suatlc fleld Bo along the z axis, the nucleus 1s subjected
to a 51nu501dal alternatlng field of "amplitude .2B, and

angular frequency w dlrected along the x axis in the

laboratqryvframe. It can easily be seen that
B, = 2B,cos(wt) = B {exp(twt) + exp(-iwt)} (6)

where B,exp(iwt) and B,exp(-iwt) are counter-rotating
circularly polarized components of that field. If w.equals
£, the angular frequency of rotation of the rotating frame,

and @=-yB,, then one of the rotating components will be a



: »
static vector §1.adong the x' axis where the prime denotes
the rotating frame. ‘The other eomponent will have an
angular frequency of 2w in the'retating frame,%and its
effect on-the nucleus may be ignored. Sinee Q;—ygo, the -

equation of motion for u in the rotating :frame will

therefore be o 2
S.u = u X (yB,) ! | (7)

and it follows thathé willlprecess about the -x' axis with an
angular frequency of.yB,. If the alternating field is
turned on for a time 7 then the magnetlc moment will precess
" about B1 (or the x' axis) through an angle ©=yB,7, also
referred to as the tip angle. In.pulsed NMR, a pdlselof
length r is referred to as a /2 or 90° pulse if © {s equal
to 7/2, and a 7 or 180° pulse if © is equal to . ’
After a n/2 pulse, the‘magnetic moment lies in the ~

o
=
A S |

x'-y' plane and, when viewed from the laboratory frame of
reference, the magnetic moment is‘retating about the z axis
with, an angular frequency of yBs. The alternating magnetlc
fleld produced by the rotating magnetic moment can be
detected by the voltage 1nduced 1n a c011 with its axis
perpendlcular to the 'z axis. Since there are no non—linear
terms in the above equations, the eguations presented here
are equally valid fer’the net mégnetization M of an assembly

" of identical nuclear magnetic moments. In this case, the

equilibrium magnetization in a static field Bo is along the:



Bo or z axis and a 7/2 pulse applied along the x' axis will
v ¥

rotate M down to the -y' axis.
Note that the frequency of the field required for
resonance is f=w/2w=yB /2n. This is the same result

.obtalned earlier from energy con51derat10ns ' |

’
-

B. Origin of electric fields in NMR coils and samples

It should be clear by now that an alternating magnetic
field isvrequired to perform NMR., Usually, this field lies.
in the radio frequency reglon of the’ electromagnet1c

Sspectrum.

Maxwell's equation,
curl E = -3,B (8)
mnplles that a non-zero alternatlng electric fleld Wlll be

1ndhced anywhere’ that the alternat1ng magnetlc f1eld exists.

This electric field glves rise to so—called induced currents

.in a conductlng sample placed w1th1n the coil. In samples
with cyllnd ical symmetry about the rf magnetlc field

direction, the current paths form concentrlc c1rcles, he@ce

the name e dy currents. In general, the currents are not
necessarily at rlght angles to the magnetlc field dlrectlon,é
but tend to be mainly perpendlcular in many cases.

The dther type of electric field geherated by a coil is
the seco dary electric field produced by the charges

associated with the voltage which exists or the coil. When



a conduéting sample is placed in the coil, this electric
field causes currents to ﬁlowl As can be seen in‘fiqure 1,
.the,electric field and asociated currents are primarily
axial near the centre of Ehe coil. These currents have been.
referred to as dieiectric currents by Gadian and

Robinson (1979). However, we do not favour, this because the

term dielectric is usually reserved for non-conducting

”n I

1o
materials. . v
L 4

Ruuy

C. Calculation of the power dissipgtgd by induced cﬁrrents
in cohducting'samples.of‘éylindrical geometry -
The péwer dissipated by induced currents for samples of
‘arbitrary shape cannot be easily calculated. However, the
“

power dissipated in cylindrical samples is amenable to

theoretical treatment.

i) Magnetic field parallel to thevcylinder‘axis

Consider a conduCting cyliﬁderrof conductivity é,
radius p énd length {4 subjected to a uniform sinusoidal
magnetic field 2B,cos(2nft) applied along the x axis of the
laboratory coordinate system. If the cylinder axis is also
along the x direction then, by symmetry, the induced
eleqt;ic field will depend only upon the distance r from the

axis of the cylinder. Using equétion (8), it is easy to

-

-

show that the amplitude of the electric field is Gifen by



Figure 1.  Schematic diagram of the secondary electric field

of a solenoidal coil (Chute and Vermeulen, 1981).

7
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E = 27rfB, . ‘ (9)

The time avérage power dyssipa\ion per unit volume is oE?/2
and increasgs as thé square of/\he distance,from the centre
of the cylinder. Integrating over the vblume of the
cyiindér, the total power dissigation is given by

. o ®

P = on2f?Bip?V , ' (10)
where V=mp?4 is the volume of the cylinder. Notice that,
for a given volume, the total power dissipation increases as

the sguare 'of the raaius of the cylinder.

1i) Magnetic field perpendicular to the cylinder axis

| If the cylinder is now oriented along the z axis,
perpendicular to the uniform alternating magnetic field B,,
most of the s?mmetry disappearé and the problem begomes very
difficult to solve. However, if thé cylinder lengtb is
extended to infinity, then translational ipvariance along
the cylinder axis implies that all components of.the induced
e%ectric field perpendicﬁlar to the cylinder axis must
vanish. Using cartesian co-ordinates to solve equation (8)

I

it 1s easy to see that

E, = 4nyfB, . : (11)



1

and that the power dissipation per unit volume is
proportdonal to the square of the distance from the x-z
plane. Integrating over a section of the cylinder of length

(, theftotal power dissipation is
P = 20m*f*Bip?V (12)

where V is the volume of the cylinder section. Notice that
this result is exactly twice the total power dissipation fdr
the case, where the cylinder axis is parallel to the. field

(cf. Bottomley, 1985). N\

D. Analysisvof the lumped circuit model of rf losses in
conducting sample;

The mgdel 1s based on those propbsed by Gadian and
8obinson (1979) and Vermeulen and Chute (1983) and is shown
in figure 2. The empty coil is represented by‘Ly Co, and R.
R. represents the eddy current losses, C, represents the
distributed capacitance between the coil and the sample, and
Rd and C, represent the lossy sample. The admittance of  the

sample only is (cf. Gadian and Robinson, 1979)

47f2f2RdC%

1+4W2f2R;(C1+C2):'

.
2mfC,+81°fR3C,C,(C,+C,)

Y

1+472 f2R3I(C,+C,)?
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it T S

Figure‘2.

.Lumped circuit model of rf losses in

conducting samples,



wvhere Y, and Y, are the %ﬁal and imaginary parts of the
admittance (Gadian and Robinson erroneously have a negative
sign in the numerator of Y,). Vermeulen and Chute (1983)
have given expressions for Rg, Ry, C, and C, for a long
solenocid. kHowever, these expre;sions are not expected to be
applicable to the types of coils used in in vivo NMR.

If Re and Ry are assumed to be inversely proportlonal
to the conduct{v1ty 0 and lndependent of frequency, and C,
and C, are constants, then the expression for Y, can be

rewritten as

Y, = of[A,(0/E)1+A, 10 + As'}

' (15)
where
A, = (4moR4C31) " . (16)
Az =0Rd(‘[ "‘Cz/C1)2 (]7)
AJ = ORe (18)

are constants independent of»freqﬁency and conductivity.
From equation (13), it appears that Y, is governed by four
independent parameters Ref'R,, C, and C,. However, we see
from equation (15) that it 1s governed by only thrge
parameters. This result does not appear in the literature,
but is very useful in analyzing experimental values of Y, as

will be shown later.
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E. Heating of samples caused by rf pulses d

T .

It 1s clear that the time average power dissipation in

a sample 1s
P = VviYy, /2 N (19)

where V, is .the amplitude of the sinusoidal voltage applied

to the coil. Since Ve 1s equal to 2rfLl, where I is the

amplitude of the current through the coil, then the power

dissipation is given by
P = 277 f°L713Y, . (20)

Bf the heat lost by the sample to the surroundings is

ignored, the tehperature rjse during a rectangular rf pulse

zof length 7 is

o . o~
(589

AT per pulse = 272£:L?I13Y 7/W (21)

where W is the thermal capacity of the sample. ﬁeglecting

skin depth effects, the space average amplitude of the

,oscillating magnetic field 2B, at the sample is bl, where b

1s a geometric factor independent of frequency. However, as
was shown in S1I.a, the tip angle of the nuclear

magnetization is given by ®=yB,r so that
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AT per pulse = Bn*fiL!0'Y, /Wbiyir (22)

Notice that the temperature rise per pulse is inversely
proportional to the duration of the pulse for a given tip
.angle, an important result that does not, to our knowledge,

appear in the literature. o

F. Size dependence %f the heating caused by rf pulses
Because of the aifficulty of measuring rf losses in
large coils and simples found in typical in vivo NMR
systems, it is useful to consider the‘rélationship between
rf losses in coils and samples of similar geometry but
different size. For a given NMR experiment (fixed f,0,r),
the only parameters in equation (22) that are size dependent
are W, b, L and Y,. 1If the linear dimensions of a coil and
sample are scaled by a factor A, then W is obviously
proportional to A’. The inductance of a ;oil of givep
geometry scales as A as can be shown from the geﬁeral ’
(Neumann) formula for self inductance (Reitz, Milford, and
‘Christy, 1979). Similarly, it can be shown from the
Biot-Savarf Law (Reitz, Milford, and Christy, 1979) that b
l1s inversely proportional to X\, provided skin depth effects
in the sample are néglé%ted. Finally, since R, and R, are
inversely proportional to X, while C, and C, are
proportional to A, 1t follows from eguation (13) that‘Y, ls

proportional to A. Thus 4t can be seen from equation (22)-

that AT per pulse should be proportional to \?, Moreover,
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A [
AW

it can be shown that the ratio 6f';he power dissipation in
the sample to the power dissipation in the coil is
proportional to A?, assuming the skin depth of the wire is

§»~m0ch'smaller than the wire diameter. -

hald



Chapter I11

Experimental Details _,/

A. Determination of ¥,

;
»Values of ¥, for various samples were found by

/
measu;ing the Q-factor of the goil empty and when it

contained thé sampie; The Q-factor of a high Q inductor is
usually written as 2nfL/r where f is the series resistance
as shown in figure 3(a). However, the model used to
'describé_rf losses reQuires a consideration of parallel or .
"Shuﬁt resistances. - Figure 3(5) shows the shunt i
representation of a loSsY'inductdr; N v
" The relatiénship between r and R can be found by
A . » i

comparing the admitfances of the series and shunt

representations, which are

r-i27fL A o
Yo = ———mmMm8M — . ‘ (23)
rz.h47rzf2Lz!» ) ) -
' 4
. 2mfL-(R e
Y, ;ﬁ;%T_“‘ (24)
% - 27fLR .

where the subscripts a and b.correspond to figure 3.
Equating the real parts of the above equations gives

1 ©or At _ :
T — e NI ' - . (25)
R ri+4p2f2L? e



b ¢ (O) i 1 (b)

Figure 3. Series (a) and shunt(b) representations of a

lossy inductor. ‘

18
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If Q0 is much greater ihan unity (which is true for our

measurements), then r?+4n*f?L2=4g2f?[? sb that r=4n2f2L? /R,

Substituting for r in the relation‘Q¥2ﬂfL/r gives the result

that Q=§/2nfL; |
When the sample 55 placed in the coil, the total

D
admittance is

R™' + ¥, = (27fLQ,)" " (26)

where Q, 1is the Q-factor of?the coil plus sample. The

inductance is calculated using the resonance condition that
2rfC = (2mfL) - o : . (27)

where C is the tuning capacitance used to resonate the coil.

The final result is
LY, = 2n£{(C,/Q,)-(C/Q)} (28)

where C, is equal to C plus the capacitance due to the
samplg i.e. Y,/27f.

The Q measurementé wege‘made using a Marconi TF1245
Q—meter.. A simplified schematic of this instrument is shown
in figure 4, where L and r represent the coil and C is the
lnstrument's resonating\capécitanée. As Seen above, the Q
of ﬁhe coil is the ratio of the inductive reactance to the

r stance, or the ratio of the voltages across the



«

Y
r;
A
e L
i |

Figure 4. Schematic diagram of the measuring circuit of the-
Q-meter. L and r fepnesent the external coil and C is the
internal tuning capacitance. E and e are voltages measured

by the instrument.

7
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inductive and resistive components. Since the inductive
reactance equals the capacitive reactance at resonance, the

Q of the inductor is also equal to the ratio of the voltages

generated across the capacitor 'and the resistor. At

‘resonance, the voltages across L and C are equal but out of

phase, which implies that e is equal to the voltage across r'
and that Q is equal to E/e.

In practice,-the coil has a self capacitance C,
associated with it (which includes Y, if the lossy sample is
present). To obtain‘the true values ' of the Q and the
resonating capacitance, the measured values of Q and C must
both be multiplied by (5+C0/C). This implies that equation
(28) remains yalid even in the presence of Co. The

instrument itself has a residual inductance in series with

.
-

the coil and the correction for this affects the indicated
capacitance of the Q-meter,. but not the indicated Q. This

may be taken into account by rewriting Y, as

re

Y, = 2mE{(C.1/Q,)-(C"/Q)} e (29)
where C' is the effective capacitance given bx@

C' = C/(1-4n*f2L.C) (30)
N
and Lg is the residual inductance of the Q-meter and is

given in the manual.
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B. Coils used for the determination of Y,

Measuréments o( ¥, were made on two dlfferent tvpes of
coils. The first c01¢ was a six turn solenoidal coil made
from #22 copper wire wound on.a teflon former with an inside
diameter of 1)9cm®into which the samples were placed. The
coil's diametex and length were 2.1cm and 1.6cm
respectivély. !

A Saddle coil configuration was used for the other
coils becaﬁse they are commonly used in in vivo NMR. Shown
schematically injfigure 5, a saddle coil creates a magnetlc
field perpendlcllar to the axis of the cylinder on which it
is wound. The 60°-120° configuration is widely used in

i
!

in vivo NMR sin#e, in that case, the second derivatives of"

] -
/

the mégnetic fﬁeld vanish at the centre of the coil
(Ginsberg and/Melchner, 1970), thefebywensurihg.a more
homogeneous{éield. |

The saadle coils used in the experiments were all
single tqfn coils with only one wire on each of thé current
paths. jﬁowevé;; two methods were used to connect the loops.
For théﬁ"series"véaddlé coil; the current passes.through one
loop,énd then through the other loop. In the "parallel”
saddie coil, half of the currenflgoes thrqhgh each .loop. '
The inductance of the parallel saddle coil islsﬁéliér, whiph
enables it to be tuned to higher fréquencies, but its "fiéld
multiplier"” b (see §II.E) is half that of the series saddle

coil.
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Figure 5, Saddle coil configuration.r The arrows indicate

the direction of current flow.
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Parallel and'series saddle coils were wound on to
teflon formers very similar to that used for the six turn
coil. The inside diameter of the formers was .again 1,9cm
and the coil diameters were between 2.2cm and 2.3cm. The
length of the cbils was 3.6cm giving a length to radius
ratio of k3.2’which is quite close to 3.32, the value which
gives the best field homogeneity (Mansfield and Morris,
1982) . |

To test the size dependence df rf losses, two more
saddle coil formers were constructed from polyethylene, the
larger one exactly four times the size of t@e smaller
former. The inside diameter of the small former was 2.54cm
and the coil diameter was 2.75cm. The wire size used for
both parallel and series configurations was #20 for the
small coils and #8 (four times the diameter) for the lerge
coils. The length to radius ratio was 3.29 which is very

close to the optimum value.

C. Description of the saline phantoms

The samples used with the teflon coil formers were
contained in 3 dram glass vials with a volume of =~11.2m¢ and
an inside diameter of =1, 6cm. Therefore, the gap between
the sample and the coii varied between 1.5mm and 2.5mm
depending upon the coil used. The sample extended
approkimately 2.4cm above the coil former when the sample
vwas inserted. The saline solutions, preparéd by

Dr. L. Pandey who formerly worked in our laboratory, fanged
: 4
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in cencentration from 2mM to 3.5M, -

For the large series saddle coil, 215.864g of reagent
grade sodium chloride was dissolved to make 2¢ of 1.847M
solution. Approximately 250m( was set aside and 1.6/ was
used to fill the large coil former. When the measurements
were coﬁ;luded, the solution was diluted 1:2 and the
measurements were,repeated,/ The solution was diluted nine
times in total to give a final concentration of 3.607mM.
The solutions set aside were used for the smaller 2.75cm
diameter coils. A pipette was used to transfer 25m¢ of
solution into the coil former. For measurements with thé
large parallel saddle coil, another 24 solution of
concentration 0.484M was made using 56.593g of sodium
chloriae. This solution was diluted a total of seven times
to give a final concentration of 3.783mM.

The conductivities of the aboye solutions were
calculated by interpolation of the data given by Robinson
and Stokes(1959), and Chambefs, Stokes, and Stokes(1956).
With the help of Mr. D. Ellinger in the Department of
Electrical Engineering, the conductivity of some of the
solutions was measured using a vector impedance meter at
"100Hz and found to be in good agreement with the calculated

values.
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D. Signal sources for the Q-meter

1) Low frequency measurements (<50MHz) -

The values of Y, for the 2.1cm to 2.3cm coils wound on
teflon formers were obtainﬁg using a Marconi TF1246
oscillator as the signal source for the Q-meter. The TF1246
is designed with an output impedance of 0.5Q to match the
input impedance of the Q-meter. The frequency of operation_
1s adjustable and an approximate value is indicated on a

dial on the front panel of the instrument. However, for -

‘greater acqouracy , it was decided to measure the the

trequency independehtly using a frequency counter
(Transistor Specialties, model .385R). Connecting the >
counter severely loaded the oscillator making Q measurements
imposéible.> Using a spectrum analyzer, it was found that
connecting the frequency counter also caused a s%ift in the
ouput frequency, SO that it was not poséible to disconnect
the counter to make measurements. To remedy this, a small
capacitance was connected in series with the coUntef, so
that ‘accurate frequency measu:emenés could be made. Some
loading of the oscillator was still evident, but this was
small enough so that measurements could be made with the

counter connected.

ii) High frequency measurements (30-100MHz)
In order to test the validity of the lumped circuit

model, we found it necessary to extend eur measurements
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towards  100MHz. However, the Marconi TFi247 oscillator
recommended for use with the Q-meter from 20-300MHz was
unavailable. A block diagram ¢f the circuit used instead is
shown in figure 6; The signal source was the rf output on
the Hewlett-Packard 4815A vector impedance meter, and two
potentiometers in the attenuator provided.close control of
the rf amplitude. The signal was boosted 50dB by a linear
amplifier (Electronic Navigation Industries model 550L,
maximum output 50 Watts) to satisfy the large power
requirements of the TF1245 Q-meter. The Marconi T™M5727
impedance matching unit was used to match the output
impedance of the amplif;er (50Q) to the 0.5Q input impedance
of thg Q-meter. The frequency was monitored by connecti%g
theffrequency counter directly to the HP 4815A vector

-
3

impedance meter, which avoided loading the system.

E. Experimental procedure

Referring back to SIII.B, the Q-factor of the coil is

/
given by the ratio of the voltage on the capacitor to the

s voltage injected into the circuit. The TF1245 Q-meter

sgmeasures the injected emf and displays the result as a Q

ke

-

—multiplier. The voltage across the capacitor is displayed
as a Q value. When the input voltage'is adjusted so that
the Q multiplier is unity, the Q-factor is.read directly
from the Q-meter. When the Q multiplier is not equal to

.one, the Q-factor is obtained by multiplication of the Q

multiplier and the Q reading. According to the operating



Vector Impedance Meter

3

] +

Attenuator

Freguency counter

3

L1

near Amplifier

C)

Matching Unit

Figure 6. Block diagram of the high frequency measuring

circuit of the Q-meter.

+

Q-meter

Coi1l

28



) 29

manual, the basic accuracy of the Q-meter reading is about
6% up to 100MH2; Some of the ( measurements were checked by
measuriyg the bandwidth of the resonating circuit using both
the Q-meter and the HP 4815A vector impedance meter. These
values were found to be in agreement with the direct Q—meter
readings. )
The usual procedure for measuring Y, was to first set
the frequency and then adjust the zero of the Q-meter as
described in the operating manual. The internal capacitor
was adjuéted for maximum deflection of the Q-meter needle

and the values of the Q reading, O multiplier and tuning

capacitance were noted. The sample was placed in the coil,

‘and the coil was retuned to give new values of the Q

reading, Q multiplier and tuning capacitance. The sample
was removed °and the procedure repeated for another
combination of sample conductivity and frequency. Using
equation (29), the real part of the admittance was
calcuiated for the various samples.

For the large 1lcm diameter ‘saddle coils this procedure
could not be used because the stray %ield extended far
beyond the coil. The presence of my hand near tHe coil to
adjust the tuning capacitance detuned the coil so that
finding resonance was almost impossible. Iﬁ féct, the
effect of glacing my hand near the coil was comparable to
'thé effect of inserting some of the samples in the coil.
%hjs effeet was not observed with the smaller coils, because

the extent of the stray field was proportionately 'smaller.,
. :
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The above procedure was therefore modified so that the
tuning cépaCitance was first set and then the frequency of

the input adjusted for maximum deflection of the Q-meter

N

néedle."The-sample was added and the coil was retugéd by
.adjusting the input frequency. It is easy to show that the

value of Y, obtained from these measurements is given by

'

Y= 2nCT{(f,/0)-(£/Q)} - o G6n

-

ralil

-where C' is the cdrrected funing capacitance and f, and f

_-are the resonance“frequencies with'and'without"the‘sample,

e
-



-Chapter IV !

Results and Discussion

A. Aﬁalysis of the Y, data

As,shown in chaprer II, the real part of the adﬁittance
is governed by the three pérameters Ay, Az and A;. Using
" the procedure descqibed in chapter III, va%ues of Y, were
obtained for variogs coil configurations, saﬁple‘
conductiQities and ;eSoﬁétihg frequencies. ’By-diViding both

sides of equation (15) by the frgquehcy, we find that

Y /8 = (o/E){[As(0/E)3+R,]"" + A3} (32)
"where the figﬁt~hand side is now a function of the ratio of
the conducti&ity and frequency. ‘Similarly dividing both
sides of eqﬁatioh (15) by o gives

aidid .

Y,/o'= [A(o/£)2+A,]1" " + A3’ .. | | (33).

Values of Y. /f were fitted‘to equation (32) usiné a
nqﬁ—linear léast squareslfitting,FORTRﬁf'éubrout}ne
(ﬁévih%ton, 1969). Estimates.of the stgndard'error in Y, /f
were used as wéigﬁting factors in the fitting subroutine and
were obtained by éétimétingvthe errors in the Q-factor %nd

. _
tuning capacitance. It was assumed that frequency errors

were negligible.

31
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Initiéf gstimateé of the three pafameters were also
.needed to,begin the,iteratioﬁ procedure. Taking the limit
éf equatiqg (33) as i/o approacﬂes zero and infinity
respectively\g}veS’

lim© Y, /o = A3t | (34)
£/0-0 :

[N

Tim Y. /o = A3’ + A3 - / (35)
.‘f/g-bm ‘ ' . ] I '

which implies that A, and A, can be estimated from the
asymptotes of Yr/ovversus’f/o. Once ‘this is done, it is
simple to estimate A, by using a point on ﬁhe graph that is
not close to the asymptotes. Typical values of th§ fitted
péraméters are shown ih Table 1, where D is‘the diameter of
the coil. | |

Tﬁe fitted curves are shown in figuresl7) 8 and 9. The
lower asvmptote represents the contribution to Y,’due to
eddy currents only since it is given by A3'=(oR,)"'. The
upper asymptofe represents phe high.frequency or low
conductivity limiting case and again Y, is simply
proportional to o. We believe that this method of
presenting the data shows more clearly than earlier S
presentations (Gadian énd Robinson, 1979;’Vermeulen and
Chute, 1983) the different‘asymptptic behaviour as f/o
approaches zero and infinity.

The.agréement between the data and the fiéted curves

for the smaller coils (<3cm in diameter).shows that the

N

-
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Figure 7. Plots of Y,/o versus f/o for (a) the six—tqrn
solenoidal coil (b) the 2.3cm diameter series saddle coil
(c) the 2.2cm diameter parallel saddle coil. The solid

curve shows the three parameter least squares fit.
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Table 1. Values of the fitted parameters.

‘Dm L(uH)

Coi

Ss
ps
Ss
ps

Ss

PSs

six
Ss

1

2.1 0.762
2.3 0.245
2.2 | 0.0675
2.75 0.267
2.75 0.0800
11.0 0.496
11.0 0.304

A] (QZHZZm)

1.41x10%°
5.45x10%°
4.16x10%°
4ﬂ48xi02°
5.59x102°
1.05x102°

1.23x10¢2°

six-turn solenoid

series saddle coil

parallel saddle coil

A, (m )

.96x10°*

.50x101

. 25x10+¢ "

.32x10¢
.06x10*
.15x10°*

.04x10°

]

2

2

5

-4

Aa(m_ '.)

.52x10’5
.49x10°
.69x10°
.22x10*
. 75x10*
.07x10+4

.30x10°
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assumec circuit model is a good approximation for these
coils. However, the data points for the larger coils appear
to be arranged in triplets, each one corresponding to three
freguencies and one sample conductivity. We believe that
this is due to skin depth effecfs which were ignored in the
model. At higher frequencies, the electromagnetic radiatioﬁ

of the coil will not penetrate as far into the sample and

the losses will be smaller. This agrees with the decreasing:

¥rend seen for each tfiplet. A calculation of the skin «
depth 6LEMT§7H€ZET at 50 MHz for a conductivity of 1.0 S/m
gives a skin depth of approximately 7.1cm which, sinée it 1is
comparable to the dimensions of the large coils and éamples;
implies that'ski@ depth effects are probably the reason fo;
the deviation from the predictions of the simple model. \
B. Calculation of the heating éaused by rf pulses

Graphs of the estimated temperature rise per pulse

calculated u$sing eqguation (22) are shown in figures 10, 11

and 12 for the various coil confiqurations analyzed in the

previous section. The broken curves represenf the | .
contribution of eddy currents only and the solid éurves
represent the total heating. The éontfibution of the eddy
currents is shown because it is possible, by inserting a
Faraday shield between the coil and the sample, to
effgctiveiy short circuit the secondary electric field of
the céil (Pandey and Hughes, 1984), leaving only the‘éddyl

current contribution. The graphs were plotted assuming a

.

&
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Figure 10. Calculated frequency dependence of the
temperature rise for a sample with 0=1.2 S/m subjected to a
20us 7/2 pulse for protons in (a) the six-turn solenoidal
coil (b) the»2.3cm diametleseries saddle coil (c) the 2.2cm
diameter parallel saddle cdil. The broken cur?es represent
the contribution'to the heating due to induced currents

only.
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T

(mK)

AT per Pulse

Figure 11. Calculated frequency dependepce of the
temperature rise for a sample with ¢=1.2 S/m subjected to a
20us 7/2 pulse for protons in (a) the 2.75cm diameter series
saddle coil (b) the 1icm diameter series saddle coil. The

broken curves represent the contribution to the heating due

to induced currents only.
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Figure 12. Calculated frequency dependence of the
temperature rise for a sample with o=1,2 S/m.subjected to a
20us m/2 pulse for protons in (a) the 2.75cm diameter
paréllel saddle coil. (b) the 1i1cm diameter parallel saddle
coil. The broken curves represent the contribution toAthe

heating due to. induced currents only.
v
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conductivity of 1.2 S/m, a typical value for biological
tissue (Gadian and RobinSon, 1979), and a 7/2 pulse length
of ‘20us for protons. The field per unit current was -
calculéted using a current sheet approximation for the
solénoidal coil. The formula given by Mansfieid and
Morris (1982) was used to caiculate the field per unit
current for the saddle coils. The thermal capacity of the
sample was assumed to be that of water. The inductance was
calculated using a iinear least sqguares fit (Squires, 1968)
of C versus f?, and Y, was éalculated from equation (15)
using the parameters in Table-1.

The first thing that can be noticed in figure 10 is the
approximately two to one ratio of the eddy current heating
due to the saddle and six turn coils, for the same sample.
This is in agreement with the calculations in chapter 11 for
the cylinder parallel and perpendicular to the magnetic
field. The eddy current heating aue to the series and
parallel saddle coils are expected to be identical, but the
parallel case exhibits =20% greafer heating. As can be seen
in figure 7, the scatter in the data for the parallel saddle
coil is quite large. For this reason, we believe that this
difference is due Fo experimental error. Thi§ 1s confirmed
by figures 11 and 12, where it can be seen that the‘small_
serles saddle coil has slightly higher heating than the
small parallel coil.

Qsing equation (3) of Vermeulen and Chute (1983) apd

our equation (22), it can be shown that if the number of
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tarns of a iong solepoid 1s increased, keeping the
dimensions of the solenoid constant, the eddy current
heating will remain the same but the heating due td the
secondary electric field will increase. This; and the fact
that the coil-sample gap is smaller for the six turn coil,
could expléin the much larger total 1os§es for the six turn
solenoid. Evidently, it is particularly important that
Faraday shields be used in in vivo NMR experiments using
solenoidal coils. The smaller total losses of the parallel
saddle coil compared to the geries saddle coil is due to the
parallel configuration which allows léss charge buildup on
the coil and decreases the secondafy eléctric field through
the sample (Redpath and Hﬁtchison, 19847 . This shows that a
parallel configuration is preferred as far as heating is

concerned if no Faraday shield is used.

C. Size dependence of the heating caused by rf pulses

It 1s possible to estimate the heating to be expected
1in larger coils of similar geometry to ours using the fact
that the heating should scéle as A (see SII.E). By scaling
the results shown in figure 10, it can be shown that for a
23cm series saddle coil with 100 MHz 20us n/2 pulses applied
every 20ms, the heatim; would be 0.8°C/min for a sample of
éiameter 16¢m and length 53cm (Antolak, Hughes and Ailen,
1985). This would certainly be cause for alarm since a

typical in vivo NMR experiment would last about 20 minutes.

In fact, regions near the surface of the sample are expected
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to absorb more energy than the interior of the sample |
(see SIIJC), so the problem may be more serious there. If
the heat conductivity of the sample is not very large, then
these areas will heat up more guickly than the interior
regions.,

The size dependence of the calculateg heating caused by
radio frequency pulses was tested using siddle coils of ('a
diameter 2.75cm and 1lcm. The heating is expected to
increase 'as A? which is 16 for this experiment. In the
parallel case, the heating due to the large coil is about
4.4 times as large as for the sméll parallel saddle coil,
and thisfis gquite close to the expected value. However, the
heating in the larger series saddle coil is only about 3}5
times as large as for the small coil. In équation (22), the
only measured quéntities are’L and ¥,. It can be seeﬁ\}n
figures 8 and 9 that Y, is-proportional to X\ as expected,
The inductance L is expected to scale as X also, but the
ratios of the inductances, as shown in Table 1, are =~1.86
aﬁd =3.8 for the series and parallel configurations
respéctively. SQuaring these numbers gives,3.5 and 14.4
respeétively,‘which correspond to the ratios of the
calculated heating per pulse. The 1lcm diameter series
saddle coil was subsequenﬁly rewound and’its inductance
found to be 1.02uH as opposed to the previously ﬁeasured
value of 0.496uH. The reason for the discrepancy is not

_known. Possibly, the wires leading from one loop to the

other on the 11cm diameter series saddle coll, as previously
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wound, were too close together‘at the crossover point
resulting in a capacitance.between the'wires whlch tended to
shomtlclrcuit one loop of theé coil. The latest measured
value of 02uH is about 3.8 times the inductance pf the
smaller Serles saddle c01l and is much closer to the
expecteo value Because of the error founo in the
prev;ously measured i.nduc’tance,'Yr was remeasufedifor two of
the samples. However, these values were found to agree with

the data shown in figure 8, within experimental error. If

&

we thefefore assume that the above values of the parameters
Ay, A, and A, are still-valid, -then the heatiqg in the
larger series saddle coil should be 3.5x(l:02/0.496)2 or

14.8 times as large as for the smaller series saddle co1l

‘Thls is much closer to the expected value.

D. COmparison of the heating proouced‘by two variants of a
commonly used imaging technique
A commonly used in VIvo NMR imaging technlqge uses a
long so-called selective 7/2 pulse (also called a soft
pulse) in the presence of a linear magnetic field gradient

!
v

to select a slice which is to be iﬁaged@(Mansfield'ahd
Morris, 1982). The signalygs refocussed to produce ah
"echo" in either of two ways, by applylng a pulse, or by
reversing t¥e magnetlc fleld gradient. . However, the T pulse‘
must be short (a so-called hard pulse) to ensure that-the
defocu551ng effect of the Field gradient.durlng the pulse, is
negligible. Typlcal pulse lengths a{e‘1ms for the soft =n/2-
_ P | (

i



pulse and 40us for the hard = pulse (Allen, 1985). Since
the heating‘per pulse is inversely propoftibnal to the pulse
length, it. follows that the teﬁperature rise using a hard «
pulse for refbcussing i1s roughly one hundred times larger
than that caused if refocussing is achieved by revefsing the
field gradiént. Thgé, thé gﬁitched.field gradient method is
far superior to the = . +se method, as far as rf heating'is

concerned.



Chapter V
Conclusion

It has been shown that the radio frequency energy:
deposition .in saline phantoms can Be~modellea successfully
for small coils using a very simplé.lumped circuit model
with iny thfee parameters, As thefcoil size is iﬁcreased
to dimensions comparable to thosg used .in in viVO NMR
.studies, devjations fr@mabpgzmodgl aré‘observed which are
attributed to skin depth effeéts. By scaling our dafa;.it
has also been shown that radio-frequency heating fs a.
possible danger in‘in vivo NMR for freqguencies approaching
100MHzZ . * | |

The. next logica%gstep in this investigation is tq
rafineﬁthe model giving some'frequenpy dependence to Ay, A,
and Aj. cher modifications may als%%ge needéd where the
wavelength of the radiation becomes éompa;able with the
Sample-dimensibné. "iore theoretiqal and experimentél work
is' needed to gain a greater unaeré%anding of this'heating

phenomenon,
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